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The axial-vector coupling constant in nuclear medium is systematically studied using
chiral perturbation theory. For normal nuclear matter, the first non-trivial corrections are
estimated based on the independent particle approximation taking into account nuclear cor-
relations in nuclear medium. The one-pion-exchange (OPE) two-body interactions turn out
to enhance the coupling constant by δgA/gA ≃ (0.09 ∼ 0.15). The role of the four-nucleon
contact interaction, whose low-energy constants are yet to be determined, is analyzed in
connection with the empirical quenching factor of δgA/gA ≃ −0.2 in the presence of the
nuclear short-range correlation. Conventional approaches are discussed in the light of our
result.
1
The nucleon’s axial-vector coupling constant in nuclear medium g∗A is empirically
known to be quenched by the amount of δgA
gA
≡ g∗A−gA
gA
≃ −0.2[1]. Since the in-medium
quenching is very important for various places in nuclear physics, there have been many
efforts for its explanation[2]. One well-known example is the question whether or not the
pion condensation is practically possible at a low nuclear density[3]. Indeed, wide discussions
on the change of matter properties at the extreme condition take place in conjunction with
CERN-CERES, RHIC and CEBAF experiments.
In most conventional approaches, a major contribution to the quenching of the axial-
vector coupling in nuclear medium is from the renormalization due to the ∆-hole screening
induced by the short-range interaction in NN ↔ N∆ (Hartree) channel with the net con-
tribution from other mechanisms presumed to be negligible due to the mutual cancellation
and/or due to the famous nuclear correlation[4]. Also, some fascinating efforts have been
given to figure out the medium effects on physical quantities by taking the tree order
only with some scaled parameters of chiral Lagrangian, which is known as “Brown-Rho
scaling”[5]. We wish to understand the conventional approaches based on a well-defined
systematic method.
In this letter, we aim to study the nucleon’s axial-vector coupling in nuclear medium in
a systematic way using chiral perturbation theory generalized to many nucleon systems[6, 7].
Chiral perturbation theory has been successful in explaining the nuclear force[8] and the
so-called chiral filter phenomena[7, 9, 10]. In order to extract the axial-vector coupling
constant, the relevant quantity is the transition amplitude of the Gamow-Teller operator,
that is, the space part of the axial-vector current in the limit kµ → 0 where kµ is the
momentum carried by the external field. For a single nucleon in free space, the Gamow-
Teller operator is given as
gA τ
±~σ. (1)
In nuclear medium, the axial-vector current is modified by the presence of other nucleons,
and how the transition amplitude of the Gamow-Teller operator changes is what we are
interested in.
The chiral power counting rule for A-nucleon processes[6] is that for a Feynman graph
with Vi vertices of type i, L loops, and C separately connected pieces, the number of powers
of Q which is the typical low momentum scale is given as
ν = 4−A− 2C + 2L+
∑
i
Vi∆i with ∆i = di +
ni
2
− 2, (2)
where ni is the number of nucleon lines and di is the number of derivatives or powers of
mpi at the i-type vertex. Chiral symmetry guarantees ∆i ≥ 0[6], so the effective Lagrangian
can be ordered according to ∆i:
Leff = L0 + L1 + L2 + · · · , (3)
where Ln has vertices with ∆i = n. However, in the presence of an external field, the lower
bound on ∆i is modified to ∆i ≥ −1 because of the gauge invariant derivative coupling[11].
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In this work, we take the nucleon and the pion as pertinent degrees of freedom. The
contribution of ∆ will be properly encoded in some of the low-energy constants. Then, the
leading order Lagrangian is
L0 = B¯ [iv ·D + 2igAS ·∆]B − 1
2
∑
A
CA
(
B¯ΓAB
)2
+ f2piTr (i∆
µi∆µ) +
f2pi
4
Tr(χ+) (4)
with
DµN = (∂µ + Γµ)N,
Γµ =
1
2
[
ξ†, ∂µξ
]
− i
2
ξ†Rµξ − i
2
ξLµξ†,
∆µ =
1
2
[
ξ†, ∂µξ
]
+
i
2
ξ†Rµξ − i
2
ξLµξ†,
χ+ = ξ
†χξ† + ξχ†ξ (5)
where Rµ = τa2
(
Vaµ +Aaν
)
and Lµ = τa2
(
Vaµ −Aaν
)
denote the external gauge fields, χ
is proportional to the quark mass matrix and it becomes, if we neglect the small isospin-
symmetry breaking, χ = m2pi in the absence of the external scalar and pseudo-scalar gauge
field, and
ξ =
√
Σ = exp
(
i
~τ · ~π
2fpi
)
. (6)
For convenience, we will work in a reference frame in which the four velocity vµ and the
spin operator Sµ are
vµ = (1, ~0) and Sµ =
(
0,
~σ
2
)
. (7)
From [12] and [13]∗, the next-to-leading order Lagrangian including the four-fermion contact
terms can be written as
L1 = B¯
(
vµvν − gµν
2mN
DµDν + 4c3i∆ · i∆+
(
2c4 +
1
2mN
)
[Sµ, Sν ] [i∆ν , i∆ν ]
)
B
− 4id1 B¯S ·∆B B¯B + 2id2 ǫabc ǫµνλδvµ∆ν,aB¯Sλτ bB B¯Sδτ cB + · · · , (8)
where ǫ0123 = 1, ∆µ =
τa
2 ∆
a
µ, and only those terms relevant for our study are shown
explicitly.
The leading contribution to the transition amplitude of the Gamow-Teller operator is
given by the one-body currents (L = 0, C = A) with one ∆i = −1 interaction (ν = 3−3A).
The one-body currents, including corrections to all order, are entirely determined by the
experiment, gA ≃ 1.26.
The first corrections due to the nuclear medium are given by tree graphs of two-body
currents (L = 0, C = A − 1) with one ∆i = −1 interaction and interactions with ∆i = 0
∗ Our definition of the pion field is different from that used in Ref. [13]: We should attach a minus sign
for the pion field of Ref.[13] and then make the interaction form of Ref.[13] manifestly Lorentz-invariant and
chiral-invariant.
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Figure 1: Generic graphs contributing to the exchange current: the graph (a) is the OPE
graph and the graph (b) is the four-fermion contact graph. The large filled circles denote the
one-nucleon and one-pion irreducible graphs and the solid (dashed) lines the renormalized
nucleon (pion) propagators. The renormalization has been taken up to 1/mN correction.
(ν = 5 − 3A). Since there are no ∆i = −1 four-nucleon contact interactions, at order ν =
5− 3A we have only one-pion-exchange graphs, but they do not contribute to the Gamow-
Teller operator because the currents from one-pion-exchange graphs are proportional to
vµ = (1, ~0). Thus, the leading order medium corrections to the space part of the axial-vector
currents are kinematically suppressed. Therefore the higher order contributions including
the vertex corrections as well as the short-range contributions become important[9]. This
situation is contrary to the case of the axial-charge in which the one-body currents are
suppressed while the leading two-body currents are not[7, 10].
The first non-trivial medium corrections come from tree-graphs of two-body currents
with ∆i = 0 interactions (ν = 6 − 3A). More specifically, we can have one-pion-exchange
(OPE) graphs (Fig. 1(a)) and four-nucleon contact graphs (Fig. 1(b)). In the limit when
momentum carried by external field goes to zero, the space part of the axial-vector currents
reads
~J±5 (~q) = −
gA
mNf2pi
1
m2pi + ~q
2
{
i
2
(τ1 × τ2)±(~¯p1 ~σ2 · ~q + ~¯p2 ~σ1 · ~q)
+ 2cˆ3~q(τ
±
1 ~σ1 · ~q + τ±2 ~σ2 · ~q)
+
(
cˆ4 +
1
4
)
(τ1 × τ2)± (~σ1 × ~q ~σ2 · ~q − ~σ2 × ~q ~σ1 · ~q)
}
− 2gA
mNf2pi
[
dˆ1(τ
±
1 ~σ1 + τ
±
2 ~σ2)− dˆ2(τ1 × τ2)±(~σ1 × ~σ2)
]
(9)
where ~q ≡ ~p′2− ~p2, the subscript l of τ±l = 12 (τ1l ± iτ2l ), ~σl, and ~¯pl ≡ 12(~pl+ ~p′l) is the particle
index, l = 1 for the first nucleon and l = 2 for the second nucleon, and we have defined
dimensionless parameters cˆi’s and dˆi’s by
ci ≡ 1
mN
cˆi and di ≡ gA
mNf2pi
dˆi . (10)
The first term in the curly bracket comes from 12mN B¯
~D2B of eq.(8) and will be referred to
as the kinetic term. The low-energy constants c3 and c4 have been determined from the
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experiment by Bernard et. al.[12]:
c3 = −5.29± 0.25 GeV−1,
c4 = 3.63 ± 0.10 GeV−1. (11)
These values of c3 and c4 are almost saturated by the resonance-exchange contributions:
cRes3 = c
∆
3 + c
S
3 + c
R
3 = (−3.83 − 1.40− 0.06) GeV−1 = −5.29 GeV−1,
cRes4 = c
∆
4 + c
ρ
4 + c
R
4 = (1.92 + 1.63 + 0.12) GeV
−1 = 3.67 GeV−1 (12)
where the superscripts ∆, ρ, S andR denote the contributions from the exchange of ∆(1232),
ρ-mesons, scalar-mesons and the Roper resonance, respectively. In terms of the dimension-
less constants cˆ3 and cˆ4, the above eq.(11) gives us
cˆ3 ≃ −4.97 ± 0.23,
cˆ4 ≃ 3.41 ± 0.09. (13)
For the low-energy constants dˆ1 and dˆ2, however, we do not have any empirical information
yet. So we simply take these constants as free parameters in this work.
Now we are in the position to calculate the matrix elements of the space part of
the two-body axial-vector currents. First we estimate the matrix elements using the inde-
pendent particle approximation, i.e., we take the initial (final) wavefunction as the simple
product of one-nucleon state α (β) and the Fock state |F 〉 which describes the Fermi sea,
|F 〉 =
∏
h∈F
a†h|vac〉,
where h denotes a state in the Fermi sea. Since the momentum carried by external field is
zero, only those states on the Fermi surface can contribute to the matrix elements and we
have
~pβ = ~pα ≡ ~p with |~p| = kF . (14)
Then the two-body matrix elements relevant for the axial-vector coupling constant are
〈β;F |J i,±5 (~q)|α;F 〉 =
∑
h∈F
[
〈β, h|J i,±5 (~q)|α, h〉 − 〈β, h|J i,±5 (~q)|h, α〉
]
, (15)
where the first term is the direct (or Hartree) term and the second is the exchange (or
Fock) term. We average over the the direction of the probed nucleons in order to obtain
the in-medium axial-vector coupling constant,
∫
dΩpˆ
4π
〈β;F |J i,±5 (~q)|α;F 〉 ≡ δgA τ±βασiβα, δgA = δHgA + δF gA (16)
where τ±βα ≡ 〈tβ|τ±|tα〉, σjβα ≡ 〈sβ|σj |sα〉 with tα(tβ) and sα(sβ) being the quantum num-
bers for the third components of the isospin and the spin of a state α(β) respectively, and we
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∆ ρ S N∗ kin. Experiment
Zero-range −0.386 −0.164 −0.070 −0.015 −0.013 −0.672
Finite-range 0.078 0.033 0.014 0.003 0.018 0.151
Sum −0.308 −0.131 −0.056 −0.012 0.004 −0.521
Table 1:
One-pion-exchange (Fig. 1(a)) contributions to the δgA/gA. The contributions from the
resonance-exchanges through the πANN vertex has been listed in column 2 ∼ 5. The
last column represents all the contributions with cˆ’s fixed from the πN scattering data[12]
and the kinetic term. The second row shows zero-ranged (in position space) contributions,
that is, those which are constant in momentum space, the third row does finite-ranged
contributions and the last row does the sum of the two.
have separated the Hartree contribution (δHgA) from the Fock contribution (δ
F gA). Note
that the Hartree term for the OPE contribution is identically zero because it involves only
~q = ~0 and the corresponding axial-vector current vanishes, thus we have
δHgA
gA
= −2dˆ1 ρ
mNf2pi
(17)
with ρ =
2k3
F
3pi2 being the density of symmetric nuclear matter. It is also quite straightforward
to evaluate the Fock contribution,
δF gA
gA
=
4
mNf2pi
∫ kF d3~k
(2π)3
[
1
24(
~k2 − ~p2) + 13(cˆ3 − 2cˆ4 − 12)(~k − ~p)2
m2pi + (
~k − ~p)2
+ dˆ1 + 2dˆ2
]
. (18)
Performing the momentum integral over the Fermi sea, we have
δF gA
gA
=
ρ
mNf2pi
{
k2F
6m2pi
H1
(
kF
mpi
)
+
1
3
(
cˆ3 − 2cˆ4 + 1
4
)[
1−H0
(
kF
mpi
)]
+ dˆ1 + 2dˆ2
}
(19)
with
H0(x) =
3
2x2
[
1− 1
x
tan−1(2x) +
1
4x2
log(1 + 4x2)
]
, (20)
H1(x) =
3
8x4
[
1 + 2x2 +
(
1 +
1
4x2
)
log(1 + 4x2)
]
. (21)
For normal nuclear matter, kF ≃ 1.36 fm−1, ρ ≃ 0.17 fm−3, thus leading to H0( kFmpi ) ≃ 0.20
and
k2
F
m2pi
H1(
kF
mpi
) ≃ 0.55.
We now discuss the numerical outcome on the quenching factor δgA/gA, though
naive, firstly without taking the correlation into account. In Table 1, we have listed the
contributions from resonance-exchanges through the πANN vertex using the estimates of
Ref.[12], of which relevant diagrams are illustrated in Fig. 2. We have separated the zero-
range part of the OPE contribution from the finite-range part. The former is subject to the
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Figure 2: The resonance-exchange graphs which contribute to Fig. 1(a).
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Figure 3: A graph contributing to Fig. 1(b).
short-range correlation (SRC) between nucleons which we will discuss below. Note that the
last column is obtained taking the values of c3 and c4 as determined from the experiment
in Ref.[12]; it is not just the sum of the contributions from the resonance-exchanges and
the kinetic term. The naive quenching of the axial-vector coupling due to the OPE graph
(Fig. 1(a)) is by the amount of δgA/gA ≃ −0.52. In order to reproduce the experimental
coupling constant g∗A ≃ 1.0, the four-fermion contact graph (Fig. 1(b)) needs to enhance the
coupling by about 0.32. Meanwhile, the four-nucleon contact interaction contains implicitly
the contribution of Fig. 3, which is the main part of the conventional mechanism of the
quenching. This contradictory behavior, however, disappears when we incorporate the
SRC.
For the purpose of including the SRC, it is much more convenient to work in the
position space. In regard to the SRC, it is worth paying attention to the conventional
wisdom of applying the nuclear correlation only to the exchange (Fock) channel. The
direct (Hartree) contribution is effectively from the expectation value of one-body operators.
Therefore the Hartree contribution is the same as eq.(17). Incorporating the SRC for the
Fock term by cutting-off the contribution from r < rc, we have
δF gA
gA
=
m3piρ
mNf2pi
∫ ∞
rc
dr
r j1(kF r)
kF
[
kF
2mpi
j1(kF r)Y1(mpir)−
(
cˆ3 − 2cˆ4 + 1
4
)
j0(kF r)Y0(mpir)
]
(22)
where j0(x) =
sin(x)
x
, j1(x) =
sin(x)
x2
− cos(x)
x
, Y0(x) =
e−x
x
and Y1(x) = (1+
1
x
)Y0(x). In Table
2, the Fock contribution is calculated for several values of rc and the Hartree contribution
is adjusted to give the empirical quenching of δgA/gA ≃ −0.2. We find that the OPE
7
Fock (OPE) Hartree (Contact) dˆ1 g
′
N∆
Without OPE 0 −0.21 0.64 0.25
(rc = 0
+) 0.15 −0.36 1.11 0.43
(rc = 0.4 fm) 0.13 −0.34 1.04 0.40
(rc = 0.7 fm) 0.09 −0.30 0.94 0.37
Table 2:
Fock (2nd column) and Hartree (3rd column) contributions to δgA/gA at normal nuclear
density with various cut-offs. The dˆ1 is fitted to give δgA ≃ −0.26. In the second row, we
have also listed the result without OPE.
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Figure 4: δgA/gA with respect to the density. The cut-off is taken as rc = 0
+.
contribution is of sizable importance, i.e., δgA
gA
≃ (0.09 ∼ 0.15). Nevertheless, the quenching
comes mainly from the four-nucleon contact interaction. The importance of the short-range
interaction in the quenching of the axial-vector coupling is a well-known observation in the
conventional approaches. In this work, such an observation is naturally understood based
on chiral perturbation theory.
The density dependence of δgA/gA with rc = 0
+ has been plotted in Fig. 4. The
leading non-trivial medium correction is roughly linear in the density and this aspect is
mainly due to the fact that the zero-range interaction accounts for the quenching for the
most part.
For comparison with the conventional approach, we estimate the corresponding Landau-
Migdal parameter g′N∆ in the effective NN ↔ N∆ potential by identifying the potential
from the four-nucleon contact interaction with the phenomenological one as in Ref.[4]:
dˆ1 =
4mNf
2
pif
2
∆
9(m∆ −mN )m2pi
g′N∆. (23)
Our result shown in Table 2, g′N∆ = (0.37 ∼ 0.43), lies well within the range of the empirical
value with
f2
∆
4pi ≃ 0.32[2].
In more realistic calculations, surface effects as well as short-range correlations be-
tween nucleons will be incorporated in the wavefunction. At present, such a wavefunction
for nuclear matter or finite nuclei has not been obtained using chiral perturbation theory.
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Thus, it would be interesting to study how the above features in the independent particle
approximation change in more realistic approximations. Furthermore we believe it worth
investigating the nuclear medium modification of the physical quantities such as the nucleon
mass and the pion decay constant in relation with the “Brown-Rho scaling”[5] in the light
of present work.
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